Pseudomonas putida KT2440 is a model strain for studying bacterial biodegradation processes. However, very little is known about nitrogen regulation in this strain. Here, we show that the nitrogen regulatory NtrC proteins from P. putida and Escherichia coli are functionally equivalent and that substitutions leading to partially active forms of enterobacterial NtrC provoke the same phenotypes in P. putida NtrC. P. putida has only a single P II -like protein, encoded by glnK, whose expression is nitrogen regulated. Two contiguous NtrC binding sites located upstream of the N -dependent glnK promoter have been identified by footprinting analysis. In vitro experiments with purified proteins demonstrated that glnK transcription was directly activated by NtrC and that open complex formation at this promoter required integration host factor. Transcription of genes orthologous to enterobacterial codB, dppA, and ureD genes, whose transcription is dependent on 70 and which are activated by Nac in E. coli, has also been analyzed for P. putida. Whereas dppA does not appear to be regulated by nitrogen via NtrC, the codB and ureD genes have N -dependent promoters and their nitrogen regulation was exerted directly by NtrC, thus avoiding the need for Nac, which is missing in this bacterial species. Based upon these results, we propose a simplified nitrogen regulatory network in P. putida (compared to that in enterobacteria), which involves an indirect-feedback autoregulation of glnK using NtrC as an intermediary.
Global nitrogen regulation is a complex regulatory network involving a number of signal transduction and effector proteins, which has been studied intensively for enterobacteria (reviewed in references 35 and 49). P II proteins play an essential role in nitrogen regulation in different bacteria (24) . Their function is modulated by different effectors, by uridylylation by the uridylyltransferase/uridylyl-removing enzyme (GlnD), or by other posttranslational modifications in other bacteria (7, 50, 54) . P II proteins control transcription of many nitrogenregulated genes by regulating the kinase and phosphatase activities of NtrB, the sensor of the global two-component regulatory NtrB/NtrC system, thus regulating the phosphorylation state of the transcriptional activator NtrC. They also control ammonium assimilation through glutamine synthetase by modifying its activity via adenylylation by the adenylyl-transferase enzyme (GlnE), as well as the functions of other target proteins, such as the NifL/NifA regulatory system, controlling the expression of nitrogen fixation genes, or the DraT/DraG system, which leads to nitrogenase switch-off in alphaproteobacteria (18, 24) . In enterobacteria, there are two paralogous genes that encode P II proteins, glnB and glnK (57) . The functions of GlnB and GlnK are partially redundant, and while GlnB is produced constitutively, GlnK is expressed only under nitrogen-limiting conditions, as transcription of glnK is dependent on NtrC. While the arrangement of the two genes encoding P II proteins is conserved in most alpha-and betaproteobacteria, a number of gammaproteobacteria, such as Azotobacter and Pseudomonas species, have only the glnK ortholog (1) . Expression of glnA-ntrBC and glnK-amtB is constitutive in Azotobacter vinelandii (41) , but both operons appear to be nitrogen regulated in Pseudomonas putida (30; also see below). Similarly, most gram-positive bacteria possess only a GlnK-like P II protein, while cyanobacteria possess a GlnB-like P II protein (1, 24) .
In enterobacteria, most of the operons regulated by nitrogen have promoters recognized by the alternative form of RNA polymerase holoenzyme containing the sigma factor N . Transcription from N -dependent promoters is strictly dependent on activation by an enhancer binding protein, which, in the case of nitrogen-regulated promoters, is the phosphorylated form of NtrC (NtrC-P). The mechanism of transcription activation at these promoters involves initial phosphorylation of the NtrC dimer and further oligomerization facilitated by binding of NtrC-P to specific DNA sequences that function as enhancers located at a position relatively distant from the promoter. Subsequently, the enhancer-bound activator interacts with N RNA polymerase bound to the promoter via formation of a DNA loop of the intervening DNA to catalyze the isomerization of the closed promoter complexes into the transcriptionally productive open complexes in a reaction that requires ATP hydrolysis (59) (60) (61) . Efficient transcription activation at a number of N -dependent promoters, some of which are activated by NtrC, also requires the nucleoid-associated protein integration host factor (IHF). IHF binds between the promoter and the enhancer and induces a bend in the DNA upon binding that assists the interaction of the closed complex and the enhancer-bound transcriptional activator (31, 52) , while preventing activation by other transcriptional activators that are not bound to the DNA at the appropriate location (47, 58) .
A subset of nitrogen-regulated operons in Escherichia coli and Klebsiella species contain promoters that are recognized by 70 RNA polymerase holoenzyme. Transcription of these operons is regulated by the nitrogen assimilation control protein (Nac), a LysR-type regulator (8, 49) . Genes or operons activated by Nac in E. coli are involved in transport of nitrogenated molecules that may serve as nitrogen sources (63) . In Klebsiella pneumoniae, utilization of urea and some amino acids is activated by Nac as well as the codBA operon (8, 16, 32, 37) . Nac does not respond to nitrogen availability, but its transcription is nitrogen regulated via NtrC (8, 22) . Thus, Nac acts as an adapter that couples the transcription of 70 -dependent operons to the nitrogen regulation exerted by the global transcriptional activator of N -dependent promoters by NtrC (63) . P. putida KT2440 is a model strain for studying bacterial biodegradation processes because of its versatility and ease of manipulation. It has more than 65 sensor-regulator pairs, which make it able to adapt to very different conditions, including nutrient deprivation (44, 55) . In spite of this, much less is known about nitrogen regulation in pseudomonads than in other bacteria. A number of studies suggest that the regulatory system in Pseudomonas may share many features with that in enterobacteria. The ntrB, ntrC, and rpoN genes are found in the genomes of different Pseudomonas species. Mutants lacking N are impaired in utilization of a number of nitrogen sources (34, 56) . Similarly, mutational analysis of the ntrC orthologs identified in Pseudomonas indicates that NtrC is the master nitrogen regulator, which is required to activate the expression of a number of genes involved in nitrogen uptake and metabolism (30) , including the glnA-ntrBC operon and the atzDEF operon, required for utilization of cyanuric acid as a nitrogen source (26) , utilization of nitrite and trinitrotoluene in P. putida JLR11 (12) , and nitrogen fixation in Pseudomonas stutzeri (17) . However, other features of nitrogen regulation in Pseudomonas are different from those in enterobacteria. First, there is only one gene encoding a P II protein, which was designated glnK because of the similarity of its product to other GlnK P II proteins and its immediacy to the amtB gene, encoding the high-affinity ammonium transporter. Global transcriptome analysis of P. putida suggests that both glnK and amtB are regulated by nitrogen availability via NtrC (30) . Second, P. putida lacks an ortholog of Nac, the adapter that allows coregulation by nitrogen of N -and 70 -dependent promoters in enterobacteria. Finally, a different two-component regulatory system, designated CbrA/CbrB, appears to regulate operons for utilization of amino acids that can be used as carbon and nitrogen sources, which are also regulated by the NtrB/NtrC system (45, 62) .
In this paper, we show that E. coli and P. putida NtrC proteins are functionally equivalent. We have characterized the P. putida glnK promoter and its transcriptional activation by NtrC in vitro. Furthermore, we show that P. putida nitrogenregulated genes orthologous to those activated by Nac in enterobacteria have N -dependent promoters that are directly activated by NtrC; therefore, nitrogen-regulated expression of these genes in P. putida does not require a second tier of regulation exerted by Nac on 70 -dependent genes.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this work and their genotypes are summarized in Table 1 . Cells were grown in minimal medium (39) were purchased from Sigma-Aldrich. Construction of plasmids. The plasmids used in this work are summarized in Table 1 . All DNA manipulations were performed according to standard procedures (51) . Plasmid DNA preparation and purification kits were purchased from Macherey-Nagel and GE Healthcare, respectively, and used according to the manufacturer's instructions. Plasmid DNA was transferred by transformation (15) to E. coli strains or by triparental mating to P. putida strains (20) . E. coli DH5␣ was used as a host strain in cloning procedures.
Transcriptional lacZ gene fusions to the promoters of interest were constructed by PCR amplification of the promoter region, using genomic DNA from P. putida KT2442 as a template. The oligonucleotides used for PCR amplification were the following: for pMPO313 (glnK fusion), P5234_fwd and P5234_rev; for pMPO340 (dppA [PP0885] long fusion), P0885_fwd and P0885_rev; for pMPO341 (dppA [PP0885] short fusion), P0885_fwd_corto and P0885_rev; for pMPO342 (codB long fusion), PcodB_fwd and PcodB_rev; for pMPO343 (codB short fusion), PcodB_fwd_corto and PcodB_rev; and for pMPO346 (ureD fusion), PureD_fwd and PureD_rev. Oligonucleotide sequences are listed in Table 1 . These PCR products were cloned in the transcriptional fusion vector pMPO234. Plasmid pMPO316 was constructed by cloning in pTE103 the same fragment obtained by PCR with the oligonucleotides P5234_fwd and P5234_rev as for the glnK fusion. The NtrC(D55E,S161F) overproduction plasmid pMPO321, based on the pT7-7 vector, was constructed by substitution of wild-type ntrC in pMPO231 with ntrC(D55E,S161F) from pMPO310 (see below). All cloned PCR products were subsequently sequenced.
Construction of ntrC(D55E,S161F). The D55E mutation was generated by PCR with the mutagenic primer NtrCasp55-rev and the nonmutagenic primer NtrCasp55-fwd, using pMPO230 as the template. The PCR product was digested with SphI and NdeI and cloned in the expression vector pMPO243 digested with SphI and NdeI, thus yielding pMPO308.
The S161F mutation was generated by overlap extension PCR essentially as described previously (13) , using pMPO305 as the template and the mutagenic oligonucleotides NtrCser161-rev1 and NtrCser161-fwd2 with the external nonmutagenic oligonucleotides NtrCser161-fwd1 and NtrCser161-rev2, respectively. The final PCR product was cloned in pMPO243 to yield pMPO309.
The double mutant ntrC version encoding the D55E and S161F substitutions was finally generated by replacement of the wild-type 5Ј end of ntrC in pMPO309 with the same fragment carrying the D55E mutation from pMPO308, resulting in plasmid pMPO310, which carries ntrC(D55E,S161F).
Purification of NtrC(D55E,S161F). Two liters of culture of E. coli NCM631 harboring pMPO321 and pIZ227 was grown to an optical density at 600 nm of 0.3 to 0.5 at 37°C and then transferred to a 20°C shaker. After 20 min, IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to a final concentration of 0.5 mM, and the culture was incubated at 20°C overnight. Cells were then harvested by centrifugation, resuspended in 20 ml of sonication buffer (50 mM Tris-HCl, pH 8, 10% glycerol, 0.1 mM EDTA, 1 mM dithiothreitol [DTT] , and 10 mM NaCl), and broken by sonication. After elimination of cell debris by centrifugation, NtrC(D55E,S161F) was purified from the supernatant by selective precipitation with ammonium sulfate in the range of 30% to 40% saturation, resuspended in storage buffer (50 mM Tris-HCl, pH 8, 20% glycerol, 0.1 mM EDTA, 1 mM DTT, and 10 mM NaCl), and dialyzed against 2 liters of the same buffer at 4°C overnight to remove ammonium sulfate. Purity was estimated visually by sodium dodecyl sulfate-polyacrylamide gel electrophoresis to be Ն90%. Concentration was determined by the Bradford protein assay (10) and is expressed in nM of a dimer. Protein samples were stored at Ϫ80°C.
␤-Galactosidase assays. To assay the nifLA-lacZ translational fusion in E. coli, preinocula grown in minimal medium under nitrogen excess conditions (ammonium chloride and L-glutamine) were diluted in the same medium or minimal medium with L-glutamine as the nitrogen source (nitrogen-limiting conditions).
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After incubation for 2 h, IPTG to a final concentration of 0.1 mM was added to induce expression of P. putida ntrC from the plasmids. Samples were taken 3.5 h later, and ␤-galactosidase activity was measured as previously described (42) . For transcriptional fusions, preinocula of E. coli or P. putida strains grown in minimal medium under nitrogen excess conditions (ammonium chloride plus L-serine for P. putida and ammonium chloride plus L-glutamine for E. coli) were diluted in minimal medium under nitrogen excess or under nitrogen limitation (L-serine for P. putida and L-glutamine for E. coli) conditions. Samples of the cultures grown to mid-exponential phase were taken 6 h later, and ␤-galactosidase activity was assayed (42) .
Values of ␤-galactosidase activity are the averages from assays performed with at least three independent cultures.
RNA preparation and primer extension. Total RNA from P. putida KT2442 or MPO201 grown to mid-exponential phase under nitrogen excess or nitrogen limitation conditions was prepared essentially as previously described (26) . Primer extension reactions were performed as previously described (28), with 20 g of RNA from each condition as the template, using the 32 P-end-labeled primers PEXglnK and PEX0885 in reaction mixtures containing Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA). Sequencing reactions were performed with a Thermo Sequenase cycle sequencing kit (USB, Cleveland, OH), according to the manufacturer's instructions. Samples were run on 6% polyacrylamide-urea sequencing gels, and the gels were dried, exposed to radiosensitive screens, and finally scanned with a Typhoon 9410 scanner (GE Healthcare).
DNase I footprinting. DNase I footprinting assays were run essentially as described previously (48), except for the footprinting buffer (10 mM Tris-acetate, pH 8, 100 mM potassium acetate, 8 mM magnesium acetate, 27 mM ammonium acetate, 5% glycerol, 0.67 mM CaCl 2 , 1 mM DTT, 5 g bovine serum albumin). As competitor DNA, 0.33 mg ml Ϫ1 salmon sperm DNA for NtrC or 20 g ml
Ϫ1
of poly(dI-dC) for IHF footprinting was used in the reaction buffer. Probes for DNase I footprinting were generated by PCR amplification using the following oligonucleotides: for NtrC and IHF footprinting at the glnK promoter, footglnK1 and P5234_rev for the top strand and footglnK2 and P5234_fwd for the bottom strand; for the PP0885 promoter, foot0885-1 and P0885_rev for the top strand and foot0885-2 and P0885_fwd for the bottom strand; for the codB promoter, footcodB1 and PcodB_rev for the top strand and footcodB2 and PcodB_fwd for the bottom strand; and for the ureD promoter, footureD1 and PureD_rev for the top strand and footureD2 and PureD_fwd for the bottom strand. Amplified probes were digested with HindIII and strand specifically labeled with [␣- P]dCTP by Klenow filling in the 5Ј overhanging ends. A sequencing reaction performed with a Sequenase 2.0 kit (USB) using an oligonucleotide specific for the labeled strand in each case (secglnK1 and -2 for glnK, sec0885-1 and -2 for dppA, seccodB1 and -2 for codB, and secureD1 and -2 for ureD) was run with the partially digested DNA as a size marker. Gels were processed and analyzed as described for primer extension analysis.
Open complex assays. Open complex assays to test glnK promoter activation by NtrC were performed essentially as described previously (36) . Linearized template DNA was obtained by digestion of pMPO316 to yield a 540-bp fragment containing the upstream intergenic region of glnK. The fragment was labeled with [␣-32 P]dCTP. Reaction mixtures were made in a final volume of 15 l in binding buffer with 40,000 cpm 32 P-labeled template, 3.4 ng l Ϫ1 denatured salmon sperm DNA, 7.5 g bovine serum albumin, 4 mM ATP, 100 nM P. putida core RNA polymerase, and 200 nM P. putida N . This mixture was incubated for 2 min at 30°C, and then reactions were initiated by the addition of 200 nM of NtrC and 0.5 mM of GTP, UTP, or CTP, as an additional nucleotide. When required, 75 nM of E. coli IHF was added at the same time as NtrC. After 20 min of incubation at 30°C, reaction products were mixed with 3 l of a solution containing 20% glycerol, 0.033% bromophenol blue, 0.033% xylene cyanol, 6.67 mM Tris-HCl, pH 8, 0.67 mM EDTA, and 2 g of heparin. Reaction mixtures were loaded in 4% polyacrylamide gels (acrylamide-bisacrylamide, 29:1) which had been prerun at 4°C. The gels were run at 4°C, dried, exposed to radiosensitive screens, and finally scanned with a Typhoon 9410 scanner (GE Healthcare).
RESULTS
Construction of a P. putida ntrC constitutive allele. In order to study the function of P. putida NtrC in the absence of NtrB in vitro, we constructed a derivative of ntrC encoding the substitutions D55E and S161F, equivalent to D54E and S160F in Salmonella enterica NtrC, which give rise to a form of the activator that does not require phosphorylation by NtrB to activate transcription (33) . The function of P. putida NtrC(D55E,S161F) in the NtrC Ϫ mutant strain of E. coli ET8556 was then characterized by analyzing the expression of a Klebsiella oxytoca translational nifLA-lacZ fusion known to be activated by NtrC in K. oxytoca (43) , A. vinelandii (53) , and other diazotrophs. As shown in Fig. 1 , ␤-galactosidase activity levels in the medium containing glutamine as the sole nitrogen source indicated that both the mutant and the wild-type alleles of P. putida ntrC complemented NtrC function in E. coli. Under nitrogen excess conditions, the levels of ␤-galactosidase activity of the nifLAlacZ fusion in the strain producing wild-type NtrC were 30-fold lower than those under nitrogen-limiting conditions, thus showing that the activity of P. putida NtrC can be regulated in E. coli in response to nitrogen availability, presumably through E. coli NtrB. On the other hand, the strain producing NtrC(D55E,S161F) expressed nifLA under nitrogen excess conditions to 60% of the levels obtained under nitrogen-limiting conditions, which indicated that the activity of NtrC(D55E,S161F) was independent of NtrB activation.
Nitrogen regulation of glnK. Previous global transcriptome analysis showed that expression of glnK, encoding the only P II -like protein in P. putida, is likely to be subject to nitrogen regulation mediated by NtrC (30) . With the aim of characterizing the role of NtrC in the activation of glnK, the expression of a glnK-lacZ gene fusion in the wild-type P. putida strain KT2442 and its ⌬ntrC derivative MPO201 (26) was studied (Table 2) . When serine was used as the sole nitrogen source (nitrogen-limiting conditions), expression of the glnK-lacZ fu- Regulation of P. putida glnK expression in the wild-type and ntrC mutant strains of E. coli complemented with either P. putida ntrC or ntrC(D55E,S161F) was also analyzed. As shown in Table 2 , glnK-lacZ expression in wild-type E. coli was induced more than 100-fold under nitrogen-limiting conditions, while it was barely induced (2.5-fold) in the ntrC mutant strain. Complementation with P. putida ntrC resulted in 33-fold induction under nitrogen-limiting conditions, while complementation with ntrC(D55E,S161F) resulted in high constitutive expression under all conditions. Nitrogen regulation of glnK expression was also observed by mapping the glnK transcriptional start site under nitrogen-limiting and nitrogen excess conditions. As shown in Fig. 2A , a single glnK transcript starting at a G was evident only when the total RNA used for the 5Ј mapping came from P. putida KT2442 grown under nitrogen-limiting conditions. Upstream from the transcription initiation site, a sequence for a potential N -dependent promoter bearing the consensus GG-N 10 -GC was identified (Fig. 2B) . Farther upstream, two putative NtrC binding sites were also identified. Both putative sites are on the same face of the DNA helix, since their centers are separated by 33 bp. The most proximal binding site, which is separated from the putative N -dependent promoter by 73 bp, is centered at position Ϫ110 with respect to the transcriptional start site. Both sequence similarity and relative positions of the cis-acting sequences fit well with the arrangement of a regulated N -dependent promoter directly activated by NtrC (14, 30) .
In vitro characterization of NtrC-mediated activation of glnK. To study P. putida NtrC function in vitro, transcription and translation of ntrC(D55E,S161F) were coupled to the expression vector pT7-7. After induction with IPTG, NtrC(D55E,S161F) was the predominant product in the soluble fraction and was easily purified by selective precipitation to Ͼ90% homogeneity, as assessed by Coomassie blue staining of sodium dodecyl sulfatepolyacrylamide gels (data not shown).
Interaction of purified NtrC(D55E,S161F) with the promoter region was analyzed by DNase I footprinting (Fig. 3) . For each strand, two windows of protection, spanning from Ϫ101 to Ϫ125 and from Ϫ133 to Ϫ159 on the top strand and from Ϫ95 to Ϫ120 and from Ϫ131 to Ϫ154 on the bottom strand, were evident. Each protected window covered the corresponding NtrC binding site previously identified by sequence analysis (Fig. 3A and B) . Regardless of the labeled strand, a position showing increased sensitivity to DNase I was also very evident within each protected window. These data clearly indicate that NtrC binds to two binding sites in the glnK promoter regulatory region.
We examined the NtrC dependence of transcription from the glnK promoter region by analyzing open complex forma- (21) . We therefore tested open complex formation using a labeled DNA fragment covering the glnK promoter region from Ϫ371 to ϩ151 by adding the required ATP and an additional nucleotide. As shown in Fig. 4 , NtrC stimulated the isomerization of the closed promoter-polymerase complex to the open complex competent for transcription initiation in the presence of IHF, ATP, and an initiator nucleotide. Open complex formation was most efficient in the presence of GTP, which is consistent with the results of the 5Ј mapping of the glnK transcript (Fig. 2) . The addition of IHF was required to detect open complexes under our in vitro experimental conditions. Requirement of the coactivator IHF was also observed in vivo by analyzing expression of the glnK-lacZ gene fusion in strain KT2440 and its derivative IHF-deficient strain KT2440-IHF3. Induction of glnK under nitrogen-limiting conditions in KT2440 resulted in the expression of 46,327 Ϯ 2,733 Miller units. Expression of glnK in the IHF-deficient strain was also induced under nitrogen-limiting conditions, but the expression level in this case was only 10,312 Ϯ 2,872 Miller units, 22% of the level for the wild-type strain. Although the requirement for IHF is not so strong in vivo, these data clearly indicate a direct involvement of IHF in transcriptional activation at the glnK promoter of P. putida. This implies binding of IHF to the promoter regulatory region between the promoter and the activator binding sites. Sequence inspection revealed a T-rich region closely upstream of the GG-N 10 -GC promoter sequence, which might constitute an IHF binding site. A DNase I footprinting assay of IHF showed its binding to this region, covering from coordinates Ϫ38 to Ϫ72 from the transcription start site (Fig. 5) . This region coincides very well with the previously predicted binding site for IHF in the promoter region of glnK (Fig. 2B) .
NtrC directly activates nitrogen-regulated genes that are activated by the Nac regulator in enterobacteria. Out of the 22 Pseudomonas genomes surveyed, a Nac ortholog showing at least 50% identity to Nac from enterobacteria was detected in only 3 of them. In addition, mutational analysis of the putative Nac ortholog of P. fluorescens strain SBW25 indicated that expression of the hut operon, which is regulated by NtrB/C and CbrA/B, was not affected (62) . Therefore, it appears that Pseudomonas strains do not generally have a Nac protein, which serves as an adaptor between NtrC and certain nitrogen-regulated genes. We were thus interested to investigate whether P. putida has genes orthologous to those activated by Nac in enterobacteria and, if so, to determine how their expression is regulated.
In P. putida, we found potential orthologues of the six Nacactivated operons in enterobacteria, but only dpp, ure, and cod were previously identified as being regulated by nitrogen and NtrC (30) . In fact, nitrogen regulation and NtrC dependence of P. putida dppA were not very obvious from the genomic microarray analysis, since this gene barely meets the requirements to be unambiguously considered nitrogen regulated by NtrC (30) . Analysis of sequences upstream of the first gene of each operon, carried out using the algorithm to identify NtrC binding sites in the P. putida genome (30) , revealed the existence of potential binding sites for NtrC in all of them. In addition, putative GG-N 10 -GC N -dependent promoter sequences were identified upstream of the respective coding sequences. The putative NtrC binding sites of ureD, dppA, and codB were centered at positions Ϫ78, Ϫ161, and Ϫ72, respectively, from the GG dinucleotide at Ϫ24, which is characteristic of N -dependent promoters. Transcriptional lacZ fusions to the first gene of each operon were constructed. In the case of dppA and codB, transcriptional fusions that lacked the putative NtrC binding sites in the respective promoters were also constructed. In spite of the substantial basal level of expression of the ureD-lacZ gene fusion under nitrogen excess, its expression was induced in KT2442 under nitrogen-limiting conditions almost 10-fold. In the ⌬ntrC strain, ureD-lacZ basal expression was slightly higher than that in the wild-type strain, but it was not substantially induced under nitrogen-limiting conditions (1.2-fold induc- . This confirmed the NtrC requirement for high levels of expression from the ureD promoter (Fig. 6A) . Similarly, expression of the codB-lacZ gene fusion containing the complete upstream region of the codB promoter was very efficiently induced (50-fold induction) under nitrogenlimiting conditions in the KT2442 strain (Fig. 6B) . This induction was severely reduced in the codB-lacZ fusion lacking the putative NtrC binding site (17,848 versus 1,165 Miller units). About 70% of this residual activity still appears to be dependent on NtrC. In the ⌬ntrC strain, codB-lacZ expression was clearly reduced (fivefold lower than that for the wild-type strain), thus showing the NtrC requirement for activation. However, a residual activation of codB independent of NtrC was still evident. Intriguingly, this activation requires DNA sequences upstream from the promoter.
The expression pattern of dppA was clearly different from those of the other two genes (Fig. 6C) . In the first place, expression of the dppA-lacZ gene fusion containing the complete promoter sequence was very high under nitrogen-sufficient conditions, and this expression was independent of NtrC, since the expression level was even higher in the ⌬ntrC background. Deletion of the putative NtrC binding site upstream of the dppA promoter resulted in a 2.5-fold reduction of expression levels. However, this reduction was also observed in the ⌬ntrC background, suggesting that the observed decrease in promoter activity is not associated with the loss of the NtrC binding site. Under nitrogen-limiting conditions, the expression levels of the dppA-lacZ fusion containing the complete dppA promoter sequence increased by a factor of ϳ2-fold but again the level of dppA expression was not influenced by the presence of NtrC, which indicated a major expression of dppA independent of NtrC-mediated nitrogen regulation.
To shed more light on the regulation of dppA, 5Ј mapping of dppA transcripts isolated from cultures grown under nitrogensufficient and nitrogen-limiting conditions was performed with strain KT2442 and its ⌬ntrC derivative. As shown in Fig. 7 , a major transcript initiating at a G residue was evident in both strains under all conditions. However, a minor transcript initiating at a C residue 2 nucleotides upstream was induced under nitrogen-limiting conditions. Sequences resembling that of a N -dependent promoter were found 12 nucleotides upstream from the nitrogen-regulated transcription start site N promoter and the putative IHF binding site identified by sequencing are also marked on the sequence, as described in the legend for Fig. 2 . (Fig. 8) . These results suggest that there are two overlapping promoters in this region, with the weakest apparently nitrogen regulated and potentially N dependent. However, from our data, it is not clear that this transcript is dependent on NtrC.
Binding of NtrC to the ureD, codB, and dppA promoter regions was also tested in order to assess whether the requirement for NtrC for high-level expression of these genes was direct. DNase I footprinting analysis demonstrated binding of NtrC to all probes (Fig. 8 ). Binding to dppA (Fig. 8A ) resulted in a clear protected region from Ϫ145 to Ϫ170 with respect to the putative N -dependent promoter, which encompassed the putative NtrC binding site centered at Ϫ161. Within the protected region, position Ϫ162 showed enhanced sensitivity to DNase I. This was the only protection observed in this promoter region. However, more-extensive protections were evident in the other promoter regions. In the case of codB, a proximal protected region spanning from Ϫ63 to Ϫ79 that matched the putative NtrC binding site centered at Ϫ72 was visible (Fig. 8B) . In addition, two protected regions spanning from Ϫ109 to Ϫ122 and from Ϫ130 to Ϫ141 on the top strand were evident. The putative NtrC binding site identified by sequence inspection in the ureD promoter region was centered at Ϫ78, and a protected region covering this position, from Ϫ68 to Ϫ83, was evident (Fig. 8C) . A second protected region further downstream extended from Ϫ62 to Ϫ37. The region spanning these two protected regions showed enhanced sensitivity to DNase I (positions Ϫ64 to Ϫ67), which suggested DNA distortion between the two protected regions. Additional protections were also found farther upstream, from Ϫ89 to Ϫ114. All seven protected regions revealed palindromic sequences resembling those of NtrC binding sites, although four of them were not initially identified as NtrC binding sites.
DISCUSSION
Our current studies have demonstrated intergeneric complementation of an E. coli ntrC mutant by P. putida ntrC, resulting in nitrogen-regulated expression of the K. oxytoca nifL promoter (Fig. 1) . These results indicate that P. putida NtrC can function in this heterologous system and that its activity can be regulated by E. coli NtrB. In addition, amino acid substitutions equivalent to D54E and S160F in S. enterica NtrC (33) give rise to similar effects in P. putida NtrC, resulting in partially constitutive forms (data not shown) which, when combined, function synergistically to result in a more constitutive phenotype (60% of the derepressed transcription levels under nitrogensufficient conditions [ Fig. 1]) . These data clearly indicate that NtrC function is highly conserved between enterobacteria and pseudomonads and that NtrC proteins from both origins are probably fully exchangeable.
Our studies show that transcription of glnK, the only P IIencoding gene in P. putida, is strongly regulated in response to the nitrogen source (Table 2 and Fig. 2) . As with the E. coli glnK promoter (2), this regulation is exerted directly by NtrC, as shown by footprinting of the glnKp region (Fig. 3) and in vitro open complex formation at this promoter (Fig. 4) . Two NtrC binding sites have been identified in P. putida, compared to the one (and a half) found in E. coli (3, 57) . In addition, open complex formation at P. putida glnKp was strongly dependent on IHF, unlike with E. coli glnKp (2) , and this requirement for IHF was also observed in vivo. Involvement of IHF together with the presence of two contiguous NtrC binding sites on the same face of the helix suggests that transcriptional activation at P. putida glnKp may be very sensitive to low NtrC-P concentrations, unlike E. coli glnKp expression (2). This difference may be relevant for efficient nitrogen repression in the absence of a constitutively produced GlnB protein (see below).
The function of P II is required under all nitrogen regimens for proteobacteria. Under nitrogen excess conditions, unmodified GlnB stimulates adenylylation of glutamine synthetase. It also inhibits the kinase activity and activates the phosphatase activity of NtrB, thus resulting in dephosphorylation of NtrC and consequently preventing it from activating transcription. This in turn influences the level of expression of ntrC, which is transcribed under the control of the glnAp1 and ntrBp promoters in enterobacteria. Strict control of P. putida glnK expression by NtrC could imply that this organism is limited in P II function under nitrogen-sufficient conditions, which could potentially result in poorer repression under these conditions. However, the amount of GlnK has to be sufficient to keep most NtrC in its inactive form under nitrogen-replete conditions, because otherwise NtrC-P would activate glnK transcription. Thus, we postulate a complex autoregulatory feedback circuit for GlnK production that adjusts the level of GlnK to the minimum concentration needed to maintain nitrogen repression under nitrogen-sufficient conditions. The basal expression of the other genes activated by NtrC-P would also be controlled, their levels depending on the relative sensitivities of their promoters to the activator concentration compared to that of glnKp. This allows efficient nitrogen regulation without the need for an additional, constitutively produced P II protein, unless the two proteins have different target specificities or different sensitivities to effectors. Strict control of the P II concentration under different conditions could also provide an additional level of regulation by P II , if it could interact with a particular target regardless of its uridylylation state or the concentration of potential effectors. GlnK autoregulation can also explain the nitrogen regulation phenotype of a GlnB mutant of E. coli (4, 11) . Under nitrogen-sufficient conditions, GlnB represses NtrC-mediated activation of all target genes, including glnK. In the absence of GlnB, GlnK takes over nitrogen repression under nitrogen-sufficient conditions. Lack of the constitutive GlnB repressor function would be compensated by an increase in the levels of GlnK (4), consistent with an autoregulatory feedback loop in which NtrC-P activates glnK expression once GlnK levels become limiting. Intriguingly, although GlnK can efficiently maintain low basal expression levels in most of the nitrogen-repressed operons in the E. coli GlnB Ϫ mutant strain, glnA escapes nitrogen repression. However, this may be explained because the glnA promoter region is much more sensitive to low concentrations of NtrC-P than E. coli glnK or the other nitrogen-regulated genes (2) . Although such a comparative analysis has not been carried out with P. putida, glnA expression is regulated by nitrogen in this species (30) , thus suggesting that the sensitivities of P. putida glnA and glnK to NtrC-P should not be as different as they are in E. coli.
Although there is no Nac ortholog in P. putida, three of the operons activated by Nac in enterobacteria were identified as nitrogen regulated in P. putida (30) . Although binding of NtrC to their promoter regions (Fig. 8) indicated that NtrC could directly activate transcription from these promoters, transcription from the dppA promoter region does not appear to depend on NtrC and has a very weak nitrogen regulation, if any. This promoter region contains a single NtrC binding site, while ureD and codB, the genes truly regulated by nitrogen via NtrC, have promoter regions with up to three binding sites. In both cases, the two most distal binding sites are aligned on the same face of the helix (Ϯ1 bp) and are separated by two turns of the helix, which suggests that NtrC may efficiently oligomerize at these sites. The third, most proximal NtrC binding sites are located too close to their respective Ϫ24/Ϫ12 promoters to be considered activation binding sites. However, these sites may work as "governors," as defined by Atkinson et al. (5), to limit the maximal level of expression when the activator concentration is very high, similarly to the low-affinity NtrC binding sites in the glnAp2 promoter of E. coli. The additional level of nitrogen regulation in Klebsiella and E. coli mediated by the activation cascade of a number of 70 -dependent genes through the adapter Nac does not seem to operate in Pseudomonas. This level of regulation is apparently not essential for enterobacteria, since some do not have a nac gene. This is the case for S. enterica serovar Typhimurium, which appears to have lost Nac recently, since it cannot control the expression of these 70 -dependent genes in response to nitrogen. However, the promoter for the gene hutC in S. enterica is still susceptible to activation by K. aerogenes Nac (9, 46) . In contrast, for P. putida, some of these genes are still regulated by nitrogen but their promoters are N dependent and are directly regulated by NtrC, thus avoiding an additional tier of regulation.
Thus, it appears that the nitrogen regulatory network in P. putida is a simplified version of that operating in enterobacteria, with only one P II protein and no cascade regulation by the Nac regulatory protein. The differences in the nitrogen regulatory networks that allow this simplification apparently do not reside in the functions of the regulatory factors but are determined by the structures of the target promoters that are regulated by nitrogen.
